In order to understand the research hotspots and the development directions in the field of vulnerable karst environment, we undertook bibliometrics citation analysis on 5425 contributions to the literature written in the range from 1991 to 2017 based on the "Web of Science" core collection citation index database. Hopefully, this work will help to set up a scientific foundation for further studies. This research considered the following factors: keywords frequency, influence of author, research hotspot, reference citation network, research institution and the evolution of research topic. It was revealed that the research interests were focused on water, cave, and soil environments and implicated trends switching from a water environment to cave and eco-environment and from ecological restoration and rehabilitation to karst rocky desertification. A European-American-Chinese centered cooperation network has shown its initial form. This research will offer researchers a bird's eye view of the global vulnerable karst environment and point out the directions of further study.
Introduction
Karst environment, the most vulnerable natural environment in the world, is easily influenced by human activities that have caused many environmental problems, such as environment degradation and disruption, and resulted in high economic cost [1] [2] [3] . The environmental degradation and disruption are characterized by drought, flood, soil erosion, reduction of vegetation coverage, rocky desertification, surface subsidence, loss of biodiversity, habitat fragmentation, changes in physiological and ecological characteristics of plant communities, pollution and depletion of water resources, and the accompanied poverty. The vulnerable environment with its attenuated sustainable development ability cannot adapt to the fast-paced social and economic development [1, [4] [5] [6] [7] [8] .
Currently, the understanding of the vulnerability of karst environment has reached a new height, which greatly facilitated the settlement of the degradation and pollution problems [5, [9] [10] [11] [12] [13] [14] .
Karst systems are highly dynamic and heterogeneous. The complicate hydrological, geochemical, and biological processes have great impact on the transfer of water, solute, and nonaqueous substance on large-scale spatial and temporal scale [15] . Meanwhile, the distribution of animals and plants and the activities of human beings are also greatly impacted by the hydrological network, rock solubility, and the unique landscape of karst systems [16] . However, the karst regions are faced with increasing pressure of ecological degradation due to the increasing population and demands of resources and the vulnerability of surface soil [14, [17] [18] [19] [20] . The formation and development of vulnerable karst environment are tightly connected with human activities, especially in developing countries. It has caused the deterioration of ecosystem services and ultimately forced local residents to live in greater poverty [4, 17, [20] [21] [22] .
In the past few years, a lot of researches about vulnerable karst environment have been undertaken. Some of the researches covered areas of characteristics of vulnerable karst environment, cause of formation, and ecological restoration and rehabilitation [11, 20, [23] [24] [25] [26] , while others focused on the landscape of karst rocky desertification [5, 10, 18, 19, 27] , the soil erosion in karst region [9, [28] [29] [30] [31] , cave environment [32] [33] [34] , aquifer and spring based water environment [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] , carbon source and sink [46] [47] [48] , eco-hydrology [49, 50] , and protection and management of vulnerable karst environment [13, 51, 52] . Those researches addressed the major issues, yet there is still a lack of a general review that may reveal the trend of studies in this field. This paper gives a comprehensive analysis, from the angle of biliometrics, in the field of vulnerable karst environment and provides insights for further studies.
This work helps to define the research clusters and researchers with a stronger impact on the field by identifying the mature and emerging research topics online using bibliometrics tools. Bibliometric analysis revealed the interests and new topics in the field and pointed out the possible directions of future studies [53] . Although the importance of researches on vulnerable karst environment has been increasingly emphasized, there is no bibliometric analysis popped up into our sight of searching. This work summarized the knowledge foundation and research frontiers in the field of vulnerable karst environment through bibliometric analysis on the literature in the "Web of Science" database from 1991 to 2017. It clarified current research hotspots and future research directions and provided scientific foundation for further studies in this field.
Data and Methods
Bibliometrics is a statistical method used for evaluating and quantifying the course of development, research focus, and future development trend in a research field. It uses document system and bibliometric characteristics as the objects of study. By quantitatively analyzing the distribution structure, quantity relation, and number rule of a document system with statistical and mathematical methods, bibliometrics provided a useful tool of systematically studying the research progress in a specific field [54] . Bibliometrics has drawn much attention as it enabled researchers to extract precious information about research progress in a specific research field [55, 56] .
Research Questions
In order to better understand the research progress in the field of vulnerable karst environment, we used bibliometric methods and referred to the research methods of Kitchenman et al. [57] , Petersen et al. [58] , Marcos-Pablos et al. [59] and García-González et al. [60] . By employing a variety of visualization software, such as CiteSpace [61] , Carrot2 [62] , VOSViewer [63] , CartoDB [64] , and Google Earth (http://earth.google.com), we performed visual recognition, keywords co-occurrence analysis, author influence analysis, and literature co citation analysis; revealed the research frontier; summarized the research status; clarified the research hotspots and evolution trends. In this article, we answered the following questions:
(1) What are the general characteristics of the study in the field of vulnerable karst environment? (2) Who are the significant authors in the field? (3) Who are the authors having the highest co-citation rate? (4) What is the global distribution of the main research institutions? (5) What are the research hotspots and trends in this field?
Appropriately Define Searching Criteria
Based on the knowledge about the vulnerable karst environment, in this work, the key indexing rules were set as: ("karst" or "karstification" or "karstic" or "epikarst") AND ("ecolog*" or "ecosystem*" or "environment*" or "frail*" or "vulnerab*" or "restoration" or "degradation" or "rehabilitation" or "deterioration" or "compensation" or "loss" or "leakage" or "erosion" or "desertifi*" or "exposed bedrock" or "bare rock" or "bedrock bareness" or "vegetation recovery" or "evaluat*" or "evolution*" or "instab*" or "sensitiv*" or "fragility"), * represents a wildcard. For this study, we analyzed the research papers about vulnerable karst environment and applied the following inclusion criteria:
(1) The keywords were selected to ensure the full coverage of researches in the field of vulnerable karst environment research. (2) Articles that can be retrieved by the Web of Science database.
(3) Articles were written in English. (4) SCI/SSCI articles only. (5) Articles published before 2018.
Preliminary Searching Results
The "Web of Science" (WOS) core collection citation index database is the most frequently used database in bibliometric studies. We used "subject" retrieval in "Science Citation Index Expanded (SCI-EXPANDED)" and "Social Sciences Citation Index (SSCI)" databases from January to August in 2018. In order to get more stable results, we conducted the research for the whole year. The document type was set as "article" and the time range was set from 1900 to 2017. There were 7504 articles in the preliminary searching results (see Table 1 for more details). The searching results were saved as RIS format, which included important information such as title, author, subordinate relationship, abstract, keywords, and citation. 
Optimization of Searching Results
Based on keywords co-occurrence analysis and keywords burst change analysis (Figures 1 and 2), the reasonability and accuracy of the keywords were verified. We found that the results of preliminary search are complicated and must be refined, so we applied the following exclusion criteria:
(1) Unrelated articles (2) Repeated articles (3) Articles published not in the time range we specified
The unrelated keywords, such as "pice*", "abies", "l karst", "spruce", "papyraceum", "ganoderma", "Haematoxylum", "Fomitopsis", "P. KARST", "ex-fr karst", "fr karst", "puteana", "Uwe Karst", "pine", "Inonotus", "Bjerkandera", "Postia caesia (Schrad. Fr.) P. Karst", and "gloeophyllum-sepiarium-(WULF) Karst" were removed. The searching criteria was revised as subject: ("karst" or "karstification" or "karstic" or "epikarst") AND subject: ("ecolog*" or "ecosystem*" or "environment*" or "frail*" or "vulnerab*" or "restoration" or "degradation" or "rehabilitation" or "deterioration" or "compensation" or "loss" or "leakage" or "erosion" or "desertifi*" or "exposed bedrock" or "bare rock" or "bedrock bareness" or "vegetation recovery" or "evaluat*" or "evolution*" or "instab*" or "sensitiv*" or "fragility") NOT subject: ("pice*" or "abies" or "l karst" or "spruce" or "papyraceum" or "ganoderma" or "Haematoxylum" or "Fomitopsis" or "P. KARST" or "ex-fr karst" or "fr karst" or "puteana" or "Uwe Karst" or "pine" or "Inonotus" or "Bjerkandera" or "Postia caesia (Schrad. Fr.) P. Karst" or "gloeophyllum-sepiarium-(WULF) Karst") AND document type: (Article). A total of 5431 articles were retrieved in the time range of the year from 1900 to 2017. After removing the repeated ones in Citespace, there were 5425 articles left ( Table  2 ). The useful information such as author name, institution, keywords, year of publication, region of publication, and references were then extracted and saved. 
Searching Results

Total Citation Frequency
Average Citation Frequency
H-Index
Number of Literatures After
Removing the Repeated Ones 5431 73517 13.54 81 5425 
Statistics
The first article about vulnerable karst environment in the database of Web of Science can be traced back to 1965 ( Figure 3 ). From 1965 to 2017, the amount of publications in the field increased steadily. Since there were only 54 articles published before 1991, accounting for 0.095%, we can safely remove this part and focus our attention on the articles published in the range of the year from 1991 to 2017. 
Content Analysis Method
In this paper, the key words, authors, organizations and regions of vulnerable karst environment are studied from a macro perspective, and on this basis, the future development trend is prospected. After visualization analysis with data network via using CiteSpace, Carrot2, VOSViewer softwares, the global scientific achievements in the field of vulnerable karst environment were mainly described from the following aspects:
(1) Analysis of author keywords;
(2) Analysis of author's influence;
(3) Analysis of research hotspots; (4) Analysis of reference network; (5) Geographical visualization analysis of research institutions; (6) Analysis of the evolution of research topics; (7) Analysis of major cooperative networks.
The main purpose of this work is to understand the research characteristics and subject areas in the field of vulnerable karst environment and provide insights for the future possible research directions in the field.
Results and Discussion
Author Keywords Analysis
The co-occurrence relation of the keywords of SCI/SSCI journal articles about "vulnerable karst environment" (Figure 4 ) was analyzed and the result showed that the research interests were focused on the following areas: (1) The frequent occurrence of the keywords related to karst water environment, such as "groundwater", "karst aquifer", and "spring", indicated that karst water environment had attracted more attention. (2) The frequent occurrence of cave environment related keywords, such as "cave", "sinkhole", "speleothem", and "speleogenesis" implicated that cave environment study was an important research focus. (3) Those keywords such as "hydrochemistry", "geochemistry", "geomorphology", and "hydrogeology", suggested the branches of vulnerable karst environment study. (4) The nation identity related keywords such as "China", "Italy", and "Spain" suggested the increasing influence of these countries in the field of vulnerable karst environment research. In addition, the stable isotope method, technology of geographic information system (GIS), conservation of karst ecosystem, and climate change are also important issues. Karst hydrology and cave environment study received stable and continued attention; stable isotope and GIS technologies rapidly progressed, yet they still account for a small proportion in the research field. The results of our study revealed the inevitable trend of conducting comprehensive studies, which 3-dimentionally combine the above and underground elements, for the purpose of securing ecological safety. By investigating the burst terms in vulnerable karst environment researches ( Figure 5 ), the keyword "karst" was found at the top of the list with intensity of 7.761. Its impact duration was from 1991 to 1996. Keyword "hydrology" with intensity of 4.3264 ranked the second and its impact duration was from 1994 to 2008. Keyword "biogeography" with its intensity of 3.4869 and impact duration from 1994 to 2009 took the third position. Then there was a surging of keywords including "Slovenia" (intensity: 5.9329; impact duration: 2002-2009), "karst hydrology" (8.6885; 2003-2009) , and "speleogenesis" (6.3853; 2009-2011) . The burst terms appeared recently included "carbon isotope" (5.7482; 2010-2012), "new specy" (4.8023; 2010-2014), "Croatia" (4.4348; 2010-2014), "Dinaric karst" (4.348; 2010-2012), "karst groundwater" (4.1339; 2010-2013), and "modeling" (3.4386; 2010-2014) . Those keywords have clearly depicted the flowchart of vulnerable karst environment research progress, which is from process and mechanism research to application and modeling research. Figure 6 shows the clustering graph of keywords about "vulnerable karst environment" appeared in SCI/SSCI journal articles from 1991 to 2017, from which several clusters formed in the past 27 years in the field can be detected. (1) The karst water environment related keywords, such as "karst", "groundwater", "hydrology", "contamination", and their interrelation indicated that karst water environment had drawn more attention. (2) The fact that keywords "speleothem", "organic matter", "stable isotope", and "carbonate" were clustered implicated that it was common to study the changes in karst ecosystem based on sediments in the karst region. (3) Keywords "vegetation", "ecosystem", "biodiversity", "flow" and "land use", "precipitation", "climate change" were grouped respectively, which suggested that ecosystem study and climate and land use research were both major directions of vulnerable karst environment researches. (4) The interrelation of keywords "aquifer", "soil", "pattern", "cave", and "geochemistry" showed that the importance of geochemistry method in soil, cave, and aquifer researches was increasingly emphasized. Furthermore, model simulation, GIS, evolution and development, rivers, and basins were also important issues. The keywords clustering showed that the research subjects in the field of vulnerable karst environment were scattered. There was no matured research system or subject discipline but there was obvious intersection of other disciplines. Figure 7 shows the network or authors in the field of "vulnerable karst environment" in SCI/SSCI journal articles. It was clear that some dominant authors, such as Wang Kelin, Yuan Daoxian, Gutierrez Francisco, and Zhang Wei played leading roles in the field. The scattered distribution of authors indicated that there was little cooperation of authors, which suggested that a complete and close cooperation network had not yet established. Quinif Yves, Calaforra Jose-Maria, Pulido-Bosch Antonio, Jeannin Pierre-Yves, Bakalowicz Michel, and Plagnes Valerie started their studies earlier, but they published less and continued their research only for a short duration. Yuan Daoxian, Wang Shijie, Liu Congqiang, Gabrovsek Franci, Liu Zaihua, Andreo Bartolome, Parise Mario, and Gutierrez Francisc started their researches earlier with higher publication frequency and longer duration. Although Wang Kelin, Chen Hongsong, Zhang Wei, and De Waele Jo started their researches late, they published more frequently and represented the state-of-the-art in the field. In general, authors with their research interests in the field of vulnerable karst environment should strengthen their cooperation and improve the continuity and depth of research. By analyzing the top 18 authors in the strongest outbreak of citations between 1991 and 2017 ( Figure 8 ), it was found that the explosive growth began in 1999. Author "Wang Kelin" launched his citation outbreak (12.3778) in 2015-2017, which highlighted his significant influence on recent researches. "Bakalowicz Michel" (7.7154; 2001-2008) and "Zhang Wei" (6.1948; 2014-2017) ranked the second and the third, respectively. These three authors were the leading players in the field. Through the clustering analysis of research teams in the field of vulnerable karst environment ( Figure 9 ), it was found that the points of focus of authors were very different. There was no established good cooperation system. Authors in the field of karst ecosystem research can be categorized as follows: Chinese authors, whose research interests were about the restoration and rehabilitation of the ecosystem in south China, formed a network which was led by Wang Kelin, Wang Shijie, Liu Congqiang, and Chen Hongsong. Their research topics included: patterns and models of ecosystem in karst region, the damage mechanism and rehabilitation of karst degradation ecosystem, karst rocky desertification control, and the geochemical process and eco-environmental effect. Chinese author Yuan Daoxian, Liu Zaihua, Slovenian author Gabrovsek Franci, and Spanish Author Andreo Bartolome formed a network with their interests in the areas of karst ecosystem, hydrological environment, the vulnerability of landscape, and the evolution of aquifer. Other authors, represented by Italian authors De Waele Jo and Parise Mario, Spanish author Gutierrez Francisco, and French author Bakalowicz Michel, focused their attention on surface karst system and water resource protection and impact and assessment of karst environment. Their research topics included: the evolution of environmental impact in karst region, karst water resource protection, evaluation of the vulnerability of karst resource, human impact on karst ecosystem and its evaluation, the influence of hydrogeology and karst characteristics on karst environment, and restoration and reconstruction of karst paleo-ecosystem. Figure 9 . The clustering analysis on major authors of SCI/SSCI journal articles about "vulnerable karst environment" from 1991 to 2017.
Author Influence
Analysis of Research Hotspots
In the past 20 years, vulnerable karst environment has received increasing attention and scientific input, setting off the outbreak of academic achievements in the field. The foam tree visualization picture ( Figure 10 ), which was acquired by analyzing the top 100 searching results from WOS in Carrot2 software, provided us the keywords and subtopics in the field, which established the foundation for more comprehensive and objective analysis on the recent research situation and hotspots in the field. Figure 10 described the major topics in the field of vulnerable karst environment, indicating that karst soils, cave karst, water in groundwater, karst springs, groundwater studies, and groundwater were used were the research hotspots in the field. With the advantages of being more stringent, more reliable, more detailed, and more specific, the WOS database-based clustering analysis was applied to karst water environment, karst cave environment, and karst soil environment studies. (1) Karst water environment, which is tightly connected with karst ecological environment, is one of the hottest topics in the field. This topic covered studies about both groundwater and surface water. The influence and importance of water, water function, aquifer system, spring system, changes of water, and the utilization of water were the research focuses in the field. (2) Over the past decades, karst cave environment researches have attracted more attention since they provided important references for the study of a karst ecosystem. Karst cave studies focused on the development of cave system, utilization and protection of cave system, the soil-cave connection and water-cave connection, and indicators of cave sediments on ecological evolution. For example, stalagmite, as a kind of cave sediment whose growing process is closely related to environment changes, is an important information source of environment evolution. (3) In terrestrial ecosystems, the soil system is the most active one, which provided human beings with the critical resources and ecological environment conditions to survive. Karst soil environment, the foundation of karst ecological environment, was also a hot topic in the filed in spite of its infrequent appearance. The indicators, such as soil water, soil erosion, and soil characteristics were the research focuses. In karst regions in south China, the soil environment was undermined due to its vulnerability and the irrational interference of human beings, which caused a decline in land productivity and desertification problems. Karst water environment, cave environment, and soil environment, independent and interrelated, formed the research hotspots in the field of karst ecosystem researches. Figure 11 shows the co-citation relationship of publications with high citation frequencies in the field of vulnerable karst environment studies. Ford D.'s book "Karst hydrogeology and geomorphology" [65] impacted the research filed the most with a milestone citation frequency of 318 times. This work introduced karst erosion kinetics, chemical equilibrium, and laws of physical flow in the first part. In the second part, the influence of cave system and climate on karst regions was discussed and some important environment management issues, such as karst environment assessment, environment restoration, influence of tourism, and value of protection were addressed. Bakalowicz M.'s [66] article "Karst groundwater: a challenge for new resources" ranked the second with a citation frequency of 66 times. It mainly discussed the development and protection of an aquifer in terms of its structure, function, and vulnerability. The third article, Gutierrez F.'s "A review on natural and human-induced geohazards and impacts in karst" [11] , was cited 62 times and mainly reviewed the major characteristics of natural and human-induced geohazards and summarized the research progress in the field. As can be seen from top 30 high-cited papers, they mainly focused on karst water environment (aquifer), karst rocky desertification, cave environment, paleoenvironment reconstruction, and the formation mechanism of karst sinkhole. Among them, papers on karst water environment (aquifer) accounted for the highest proportion. Research topics about karst water environment included using hydrological models to study karst water resources, karst groundwater vulnerability assessment, karst eco-hydrological framework, slope runoff and aquifer evolution, etc. Furthermore, there were many highly cited papers on the mechanism of karst rocky desertification, driving mechanism and ecological restoration and reconstruction. Studies about karst fissures, carbon sinks, soil erosion, etc., have also attracted attention. Figure 12 shows the top 25 citations with the strongest burst values between 1991 and 2017. The earliest and strongest burst went to Ford D.'s book "Karst Geomorphology and Hydrology" [67] . It was started in 1991 and ended in 1997 with a strength value of 16.4623, which indicated its significant influence in the field. This book discussed environmental factors that affected karst environmental chemical evolution, classification of cave system, the influence of climate on karst development, and management of karst water resources. White WB.'s paper entitled "Karst hydrology: recent developments and open questions" [68] ranked the second on the list of citation burst with strength value of 12.2087. Its citation burst duration was from 2004 to 2010. In this paper, the author summarized the research progress of water resources development and utilization, tracer research, hydrological analysis and chemical analysis, and proposed a complete aquifer model and a transportation model of sediments in aquifers, which contributed to the process and mechanism study of sediments transportation in aquifers. Dreybrodt W.'s [69] paper, highly cited between 1999 and 2004 with strength value of 11.5223 revealed the law of early development of karst conduits under natural and man-made conditions via using a numeric model. The two papers authored by Kaufmann G. [70] and Fairchild IJ. [71] had the longest citation burst duration. They both started in 2001 and ended in 2008. The former studied the evolution of karst aquifers under different conditions, while the latter studied the influence of the control of trace elements in carbonate cave water on the cave climate record. The fact that there was no highly cited paper published in the field since 2011 had sent out a call of reinforcement in the area. 
Cited Reference Co-Citation Network Analysis
Geographical Visualization Analysis of Research Institutions
Based on the addresses mentioned in scientific papers, the geographic distribution of vulnerable karst environment research institutions was mapped by using CartoDB platform. As shown in Figure  13 , the top papers in this field were mainly distributed in North America, European, and China, and a few in Brazil, South Africa, Australia, New Zealand, and Japan. The global distribution of carbonate rocks is generally around the carbonate belt. There are three major karst areas, namely, the East Asia karst area, the surrounding European Mediterranean karst area and the eastern United States karst area. Specific regions include southwest China, northern Vietnam, the Alps area of Central and South Europe, the Central Plateau of France, the Ural region of Russia, Eastern North America and Cuba and Jamaica of Central America. These areas are the major ecologically vulnerable areas in the world [72] . The distribution of research institutions in the field basically coincided with the global distribution pattern of karst. It also shows that the study of vulnerable karst environment has attracted research institutes from all over the world. 
National/Regional Contribution Analysis
The national/regional cooperation network on vulnerable karst environment research was analyzed by using VOSviewer software (Figure 14) . At least 2 papers were published in the country or region that appeared in the network. The cooperative clusters are differentiated by colors. There are 12 clusters formed in the figure. The first group include Greece, Macedonia, Brazil, Albania; the second group include Belgium, Mexico, Thailand, and Russia. The third group is around Canada, including China, Sweden, and Switzerland. The fourth group include Norway, Ireland, England and North-Ireland; the fifth group is led by France, followed by Laos, Turkey, Romania and Algeria; the sixth group include Slovakia and Croatia; the seventh group is led by Montenegro, and other cooperating countries include Bosnia and Herzegovina and Serbia; the eighth group includes Singapore and Malaya; the ninth group includes countries/regions such as Germany, Austria, Vietnam and Scotland; the Netherlands is the representative in Group 10, cooperating with Cuba and Italy; Iran and Lebanon form Group 11; Australia takes the lead in Group 12, followed by Indonesia and Taiwan. The research shows that there was certain geographic connections among the countries and regions in the cooperation network, and the publications mainly came from the most productive countries. Figure 14 . The national/regional cooperation network of vulnerable karst environment research.
Future Research
Evolution of Research Topics
In order to understand the evolution process of research topics on vulnerable karst environment, the timeline of year by year clustering was depicted in Figure 15 . Researches in the field were mainly concentrated on 10 large clusters. Longitudinally, the two largest clusters #0 karst aquifer evolution and #1 karst spring were important topics, although similar, in the field of vulnerable karst environment. They both paid close attention to karst water environment. Cluster #0 focused on the evolution process of karst aquifer, while #1 focused on the hydrological process of karst spring. Cluster #2 addressed the formation and evolution process of cave. Cluster #3 emphasized the evolution of karst ecological environment, from the study of factors affecting karst ecosystem to vegetation, land use, and karst rocky desertification. Cluster #4 studied quaternary palaeohydrological evolution by using isotope technique on sediments. Cluster #5 studied eastern desert, from the formation of carbonate rocks to palaeogeography to watershed, which showed the development process of karst researches. There were great changes of topics in clusters #6 (karst massif), #7 (Suwannee river basin), #8 (glacial-proglacial system), and #9 (Yucatan peninsula), which indicated the instabilities due to a lack of long-term research focuses and changes of research directions. Horizontally, we can see that researches in the fields of #0, #1, #2 and #5 were started earlier and lasted longer; #3 lasted the longest from 1991 to 2017, indicating that this research topic received continued attention of researchers. Studies of #6, #7, #8, and #9 started late and lasted for a short time. The results of our study showed that researchers have kept their focus on the keywords changes of these research topics in their respective time periods. Keywords burst rate is an indicator of researcher's interests, the stronger the burst the more attention on the research topic. It implicated the cutting edge studies in the field in a specific period of time ( Figure 16 ). "France" was the strongest keyword on the list with strength of 10.2681 and impact duration from 1995 to 2006, which indicated that vulnerable karst environment research was hot in France. Keywords "carbonate (8.9977)", "dolomitization (8.344)", "karstification (7.3275)", "calcite (7.3046)", "diagenesis (7.1718)", "dolomite (4.7682)", "sea (4.5896)", and "genesis (3.6623)" suggested that researches on karst environment foundation and its formation process were also hot. The burst of keywords "sediment (7.3551)", "isotope (6.2158)", "oxygen (5.1642)", and "deposit (5.0845)" indicated that sediments studies in karst regions by using isotope/oxygen isotope techniques were research focuses as well. The emergence of keywords "kinetics (6.7993)", "stratigraphy (6.1077)", "tectonics (4.4546)", "biogeography (3.9233)", and "hydrogeology (3.6836)" demonstrated the typical characteristics of interdisciplinary and integration of karst environmental research. Furthermore, keyword "stream (6.9168)" could be related to karst hydrological environment research. Keyword "population (5.0897)" could be considered as a research focus on karst ecosystem/biodiversity studies. Keyword "Australia (4.5299)" indicated the significant influence of Australia in the field of karst environment research. Keyword "erosion (3.8971)" implicated the research focus on the causal relationship between soil erosion and vulnerability of karst environment. "Carbonate platform (3.6622)" is an implicit term in this field, which implied that the vulnerable karst environment might have developed from carbonate platform. The emergence of "travertine (3.3963)" and "tufa (3.3963)" showed that the travertine landscape has also attracted the attention of academia. The key words time zone map of vulnerable karst environment research ( Figure 17 ) generally reflects the trend of research, from fundamental to frontier, in the time range of 1991-2017. The main keywords appearing in 1991-1995 were "karst", "evolution", "system", "basin", "limestone", "environment", "origin", "carbonate", "community", "Spain", "dissolution", "deposit", "groundwater", "flow", "water", "aquifer", "sediment", "precipitation", "ecology", "rock", "hydrology", "stream", "France", "ecosystem", "morphology", etc. The research focuses were on the carbonate geochemical reaction, surface and groundwater environment, ecosystem, etc. However, in 1995, the emergence of keywords "isotope", "stratigraphy", "carbonate platform", etc. marked the transformation of research in the field of vulnerable karst environment and signified the application of new research methods in this field. The keywords appearing in 1996-2000 were "speleothem", "diagenesis", "cave", "geochemistry", "sinkhole", "climate", "transport", "pattern", "contamination", "soil", "diversity", "conservation", "Croatia", "water quality", "area", "China", "spring", "dynamics", "subsidence", "river", "stable isotope", etc., which indicated that the subject area had been gradually expanded to cave environment, biodiversity, environment protection and pollution, regional research, application of isotopes, etc. Meanwhile, soil erosion, biodiversity and environmental evolution had also attracted attention. From 2001 to 2009, the emergence of keywords "paleoclimate", "karst aquifer", "biodiversity", "GIS", "USA", "karst hydrology", "record", "temperature", "impact", "organic matter", "management", "climate change", "variability", etc. indicated that the study of vulnerable karst environment tended to climate change, hydrological environment, soil environment, biodiversity, and the application of GIS technology. Keywords emerged from 2010 to 2017 including "region", "speleogenesis", "vegetation", "carbon isotope", "land use", "carbonate aquifer", "rocky desertification", "Southwest China", etc. This suggests that in recent years, the research hotspots of vulnerable karst environment migrated towards ecological reconstruction and restoration, land use, karst rocky desertification, and studies of southwestern China. Through the analysis of the evolution of the research topics, it can be found that since 1991, the research topics of vulnerable karst environment have been gradually refined and transferred from water environment research to cave environment, and ecological environment research, and then gradually reached the fields of ecological restoration and reconstruction and karst rocky desertification. 
Major Cooperation Network
By using Google Fusion Tables, the global vulnerable karst environment research hotspots were mapped based on the addresses provided in scientific articles ( Figure 18 ). In Figure 18 , green points represent active areas and red points represent highly active areas of research in the field. It can be seen that the study of vulnerable karst environment is widely distributed in the main karst regions, especially in the United States, Europe, China, Australia, and New Zealand. Vulnerable karst environment research received increasing attention. The main reason for this might be that the irrational social and economic activities of human beings have caused serious degradation and rocky desertification, resulting in degradation of ecosystem service and potential hazards [1, 5, 20] . For example, the total area of karst regions in eight provinces (cities/districts) in Southwest China is about 519,700 km 2 , of which the karst rocky desertification area is up to 136,400 km 2 [72] ; the sharp contradiction between human and land in this area leads to the emergence of vulnerable environmental landscapes such as vegetation reduction, land degradation, surface soil erosion, underground soil leakage, soil leanness, rocky desertification, cave pollution and water pollution. The negative effects on the natural environment, human social and economic development have aroused widespread concern from academia and the Chinese government on the karst vulnerable environment. 
Conclusions
In this work, we undertook a systematic quantitative analysis of the literature in the field of vulnerable karst environment research. There were 5425 papers published in this field in 1991-2017, many of which were published after 2000. Although a few review papers about soil erosion and rocky desertification in karst regions have been published, there is still a lack of objective analysis based on comprehensive and systematical bibliometric methods. Our work helped identify research hotspots and papers and authors of significant impact, and pointed out the directions of researches in this field.
By analyzing a keywords network, we found that researches in the field of vulnerable karst environment have been built to scale. At present, the karst hydrological environment and cave environment research occupy a dominant position. Meanwhile, many new research perspectives and methods have attracted attention. Through the keywords clustering analysis, it can be seen that four groups of karst water environment: sediments, ecosystem, climate and land use, and geochemical methods have been formed. The four groups are relatively independent and closely connected. In general, researches in the field of vulnerable karst environment started from researches of hydrological environment and cave environment, and gradually transferred to the cross research of hydrochemistry, geochemistry and hydrogeology, and then to the application of new methods such as isotope, GIS, model simulation, etc. Researches on vulnerable karst environment have become more mature and formed a new interdisciplinary research area.
Through our analysis, it was found that a few significant authors, such as Wang Kelin, Yuan Daoxian, and Gutierrez Francisco, formed the core of research in the field of vulnerable karst environment. Author Wang Kelin, who had the strongest citation burst, together with other Chinese authors played a significant role in the field. From the clustering analysis of the research team, we see that, although there was no good cooperation network established, three research directions, including the restoration and reconstruction of karst ecological environment in South China; the research on karst ecosystem, change of water environment and landscape vulnerability; the research on surface karst ecosystem, water resource protection, and environmental impact and evaluation, clearly stood out as being the most fruitful academic achievements.
By analyzing the research hotspots in the field of vulnerable karst environment, water, cave, and soil environment research were identified as the hotspots. The most cited literature came from Ford D (2007) . The earliest and strongest citation burst value also belonged to the same author (Ford D., 1989 ). The regional distribution of achievements in the field of vulnerable karst environment showed that the output of papers was mainly from North America, Europe, and China, basically related to the spatial distribution of global karst regions. The 12 clusters in the national/regional cooperation network were connected and mutually influenced. Publications in the field of vulnerable karst environment researches mainly came from the most productive countries and regions. As an important emerging frontier research field, vulnerable karst environment research has specific topics and research focuses. It has evolved from fundamental to frontier research, from water environment to caver environment, ecological environment research, and gradually to ecological restoration and rehabilitation and karst rocky desertification research. With closer international cooperation, a cooperation network centered on Europe, the United States, and China has been formed.
Generally speaking, the research field of vulnerable karst environment is developing and maturing. Scholars have a late understanding of the vulnerability of karst regions. The appearances of landscapes in different vulnerable karst regions are different; the research focuses of scholars in different countries/regions are also different. Interdisciplinary research has a profound impact on this field. The application of fundamental knowledge and new methods is emphasized. The lack of international consensus has limited further study in this field. Yet, undoubtedly, research on the vulnerable karst environment is becoming an import part of global vulnerable ecological environment research. In order to provide a scientific basis for the sustainable development of karst regions, researchers should focus their attention on the formation mechanisms, degradation mechanisms, and restoration and rehabilitation of karst regions in future studies.
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